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Spacecraft component miniaturization, the standardized CubeSat form factor, and a corresponding increase
in launch ride-share availability have led to a renewed interest in smaller, more agile spacecraft missions.
Naturally, interest in SmallSat capabilities extends outside of low Earth orbit for a variety of science and
technology demonstration applications. As with larger missions, near-term deep-space SmallSats will more
than likely rely on telecommunications and tracking via NASA’s Deep Space Network or similar facilities.
Given the predicted growth in the number of deep space missions, effective use of telecommunication resources
will be more critical than ever, even with Multiple Spacecraft Per Aperture capability. In particular, SmallSat
missions will likely face stricter limitations on two-way contact with the tracking stations, thus making
other options like one-way data types more attractive. While all missions must eventually develop their own
detailed navigation plans, a common set of references is needed to support SmallSat missions, especially in the
early development phases. Our investigation provides this initial survey of expected navigation performance
for standard radiometric data types, from traditional two-way Doppler and ranging capabilities to one-way
equivalents, including delta-differential one-way range. In this investigation, we examine transport within

the Earth-Moon region, the first step outward from Earth into deep space exploration.

I. INTRODUCTION

The cost of launch into orbit presents one of the
greatest barriers to access to space, with large launch
vehicles required for even relatively modest payload
masses. On the other hand, the miniaturization of
spacecraft components, and the CubeSat form fac-
tor in particular,! has lead to a renewed interest in
smaller, more agile missions within the space com-
munity. Couple this interest with the proliferation
of rideshare opportunities easing access to orbit for
smaller payloads and it’s no wonder that we have seen
an explosion in the number of operational SmallSats
in Earth orbit. Naturally, the interest in SmallSat
capabilities extends outside of LEO, with JPL alone
planning to fly MarCO,? INSPIRE,?> Lunar Flash-
light,* and NEAScout® beyond Earth orbit. As with
larger missions, deep-space SmallSats will more than
likely rely on the telecommunications and tracking ca-
pability of the Deep Space Network (DSN) or similar
entities. Given the predicted growth in the number
of deep space missions, we expect that DSN resources
will be in high demand, even with the upcoming ca-
pability to support Multiple Spacecraft Per Aperture
(MSPA).

As a general rule, SmallSat missions are cost ef-
fective because rideshare opportunities are cheaper
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than dedicated launches and a common form fac-
tor encourages the development and compatibility of
off-the-shelf components. A common misconception,
however, is that these cost savings necessarily extend
to all aspects of the mission, including operations and
telecommunications. For example, costs for mission
design and navigation are directly tied to the com-
plexity of the mission as well as the attendant navi-
gation requirements and are nearly insensitive to the
actual size of the spacecraft. In fact, it is entirely
conceivable that a SmallSat mission could levy more
stringent position or velocity knowledge requirements
than a mission with a larger spacecraft. Accordingly,
any savings in operational cost, effort, or DSN use
will more than likely arise from careful assessment of
the mission class, the relevant risk posture, and any
associated impacts on or relaxation of operational re-
quirements. While all missions will eventually de-
velop their own detailed navigation plans, a common
set of references is needed to support SmallSat mis-
sions, especially in the early development phases.
While there is an extensive literature on the sub-
ject of deep-space navigation, most works focus on
analyzing specific mission concepts and are not broad
surveys of navigation capability. Lincoln Wood has
authored a series of papers detailing the historical de-
velopment of deep space navigation, covering trends
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and specific missions up to 2006.5° Even these liter-
ature surveys, however, don’t present DSN tracking
options in a convenient format for perusal and selec-
tion by future missions. Our current investigation
seeks to address this need for a high-level view of the
navigation performance that SmallSat missions can
expect when using the DSN. We cover a broad range
of tracking scenarios utilizing multiple different mea-
surement types:

1. two-way Doppler and ranging measurements;

2. the equivalent one-way measurements enabled by
precise on-board clocks; and

3. Delta Differential One-way Ranging (DDOR).

The performance of one-way tracking is of particu-
lar interest because this measurement type can ex-
ploit MSPA; multiple spacecraft can downlink to the
ground station while one satellite is receiving up-
link. Our goal is to provide a catalogue of options
for DSN support, with reasonable performance esti-
mates, which prospective SmallSat missions can use
to predict required staffing and funding levels for
their own development and operational needs. The
following sections detail our analysis approach as well
as qualitative discussions of the results for various
tracking scenarios; the appendix contains comprehen-
sive tabulations of the results.

II. NAVIGATION SIMULATION APPROACH

To characterize navigation performance, we in-
vestigate state reconstruction and prediction accu-
racy using straight-forward covariance analysis; a de-
tailed mathematical description of this analysis tech-
nique can be found in Chapter 6 of Statistical Or-
bit Determination.'® We focus on characterizing
the performance associated with traditional measure-
ments from the DSN ground stations at Goldstone,
Madrid, and Canberra, although our results should
be broadly applicable to similar international and do-
mestic partner sites. We performed all trajectory and
navigation simulations using JPL’s Mission Analy-
sis, Operations, and Navigation Toolkit Environment
(MONTE);!! planetary ephemerides are provided by
JPL’s HORIZONS database.'?

II.i Traditional Two-Way Radiometric Data Types

Two-way Doppler range-rate is perhaps the most
commonly used data type supplied by the DSN.
Two-way Doppler measurements originate as a sig-
nal transmitted by one of the DSN ground stations;
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spacecraft receive this signal then relay it back to
the transmitting antenna on Earth. Measured dif-
ferences in frequency between the transmitted and
the received signals are subsequently translated to
spacecraft line-of-sight velocity estimates. Given suf-
ficiently long tracking passes, two-way Doppler mea-
surements provide a wealth of information about the
spacecraft orbital motion as well as the surround-
ing dynamical regime.'® Indeed, such tracking in-
formation is the primary data type for host of plan-
etary gravity science investigations. Similarly, two-
way ranging is available through the DSN via the
Sequential Ranging Assembly (SRA), which converts
two-way light times into range units. Throughout
this investigation we will use the acronym SRA to re-
fer primarily to the two-way ranging data provided by
the ranging assembly, though technically SRA refers
to the hardware system. However, two-way measure-
ments necessarily require dedicated support from a
DSN antenna for the duration of a tracking pass, lim-
iting their availability as the number of spacecraft
in operation grows larger. Furthermore, SmallSat
missions might be considered of lower priority than
larger missions, meaning that already sparse tracking
schedules may be disrupted if a higher priority mis-
sion needs to recover from a safe mode or other upset
event. Thus, we also consider the use of alternate
data sources, specifically one-way Doppler, one-way
Range and Differential One-Way Range (DDOR).
Brief descriptions of these data types are presented
in the following sections; more rigorous mathematical
treatments of the data types can be found in Moyer,'#
with DSN specific data provided by the DSN Link
Design Handbook.'® For this investigation, uplink
and downlink are both assumed to be X-band, re-
gardless of the specific measurement type used; the

data weights used for our analysis are presented in
Table 1.

Table 1: Data weights used for covariance simulation,
all noises 1-o0.

’ Parameter \ Value \ Units ‘
X-band frequency 7.9%x10° Hz
Two-way Doppler noise 5.62x1073 | Hz
Two-way SRA noise 1.0 m
One-way Doppler noise 8.17x1072 | Hz
One-way range noise 5.0 m
CSAC white noise (1-day) 2.15x1073 | Hz
CSAC random walk (1-day) 6.44x1072 | Hz
CSAC Allan deviation (1-day) | 4x107'1 | s/s
DDOR noise 0.06 ns
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IL.ii Modeling of One-Way Radiometric Tracking

Opportunistic use of one-way Doppler tracking via
the DSN’s Multiple Spacecraft Per Aperture (MSPA)
capability may provide an alternative data source
for state estimation, one that can take advantage
of a tracking pass whose primary target is another
spacecraft. In contrast to two-way measurements, we
model one-way measurements as originating on the
spacecraft and being received by ground stations; for
antennas that can receive and record multiple sig-
nals, tracking data for multiple spacecraft can be si-
multaneously captured. Note that one-way ground-
to-spacecraft signals are also possible, but present
slightly different operational paradigms. Our anal-
ysis considers two- and one-way tracking as entirely
separate cases; however there is no reason that these
distinct types of tracking passes cannot be alternated
throughout the course of a mission. The following
discussion details some of the steps taken to model
one-way Doppler and ranging tracking in our investi-
gation.

One primary reason that one-way tracking is un-
common for deep-space applications is the need for
precise timing information provided by an extremely
accurate and stable on-board clock. Thus, two-way
tracking has traditionally been favored due to the in-
creased accuracy of ground-based atomic clocks and
the relative availability of dedicated DSN tracking
intervals. However, as the number of spacecraft op-
erating across the solar system grows, there is addi-
tional pressure to be more efficient in the use of the
DSN’s limited resources. In turn, this has prompted
the development of space-based atomic clocks appro-
priate for deep-space applications; the aptly named
Deep Space Atomic Clock (DSAC) will soon be avail-
able for larger spacecraft'® while Chip-Scale Atomic
Clocks (CSACs) are currently being considered for
SmallSats.!” Ultra-stable oscillators (USOs) can pro-
vide the needed accuracy over intervals of 100s of sec-
onds,'® though gaps in tracking fail to capture ran-
dom walks in the USO, leading to degraded naviga-
tion solutions.

Since two-way tracking has dominated deep-space
navigation for the past several decades, compara-
tively little navigation software development has fo-
cused on supporting one-way measurement types. In-
deed, only recently has MONTE begun to infuse pre-
cise on-board clock models and link them to the ap-
propriate one-way measurement types so that accu-
rate filtering simulations can be performed. Because
of this relatively recent development history for the
clock models, we have instead favored use of the more
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historical, and validated, spacecraft frequency mod-
els. While these frequency drift models may not be as
precise as clock models, they are sufficiently accurate
to support the covariance analyses presented in this
investigation; we leave it as future work to fully val-
idate the covariance assessments with more rigorous
filtering simulations. For our analysis, we have trans-
formed the performance specifications of the SA.45S
Chip Scale Atomic Clock!” into appropriate values
for frequency stability, as shown in Table 1.

I1.iii Delta Differential
Measurements

Delta Differential One-Way Ranging (DDOR) is
commonly used to obtain precise plane-of-sky angular
measurements to complement line-of-sight Doppler
and range data. A spacecraft typically transmits spe-
cial DOR tones which are received by two ground
station antennas separated by a large geographic dis-
tance; for the analysis cases presented here, we alter-
nate DDOR passes between Goldstone-Madrid and
Goldstone-Canberra baselines. In fact, this alterna-
tion of baseline over a given tracking schedule is criti-
cal: if only one baseline is used, large state uncertain-
ties can still remain in one axis lying in the plane-of-
sky. Precise geometrical measurements of the space-
craft state are obtained by tracking the spacecraft
range difference as measured by the two ground sta-
tions. Measurement errors due to atmospheric dis-
turbances are eliminated by characterizing the atmo-
spheric effects on a known quasar source. Because the
measurement is the range difference observed by the
two ground stations, on-board clock errors are differ-
enced out, enabling precise measurements regardless
of spacecraft frequency stability. In addition to the
extra information from the alternative data type, one
advantage to using DDOR is short tracking durations
of 30-min to 1-hour; on the other hand, two anten-
nas must be used, and DDOR passes can only oc-
cur where there are overlaps in coverage. Thus, the
availability of DDOR is heavily dependent on DSN
usage and the orbital geometry of the spacecraft in
question. While we only consider the DSN-specific
baselines, partner stations like those in Usuda, Japan
or Malargiie, Argentina can also be used to form
DDOR baselines with DSN stations, enabling some
additional freedom in scheduling.

One-Way Range

IL.iv Reference Spacecraft Trajectory

The baseline motion of our Earth-Moon analysis
case is the lunar flyby trajectory pictured in Fig. 1,
where the trajectory arc begins a few days after one
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lunar flyby and targets a second close approach one
month later. In this dynamical regime, the grav-
ity of Earth and the Moon dominate and are rep-
resented with 8x8 and 50x50 spherical harmonics, re-
spectively; solar gravity is included but modeled as
a point-mass. Other perturbing effects may include
solar radiation pressure (SRP) and unbalanced atti-
tude control maneuvers; for our scenario, we assume
a stochastic acceleration of 1.1 x 10712km/sec? in
daily batches due to uncertainties in SRP (compara-
ble to the value from the Mars Reconnaissance Or-
biter cruise phase!”) and weekly momentum desatu-
ration maneuvers. A variety of mission concepts may
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Fig. 1: Lunar flyby trajectory, shown in Earth-Moon
rotating frame.

use such a lunar flyby arc or present similar opera-
tional considerations, including:

e libration point orbit (LPO) or distant retrograde
orbit (DRO) architectures, for example relay
missions;

e transport between these destination orbits; and

e low-energy escape from or return to the Earth-
Moon region.

Some limited analogy can be made to lower-lunar or-
bits, though such comparisons should be used with
caution. When operating in the Earth-Moon region,
we can expect spacecraft to carry omni-directional
antennas that have sufficient gain to be received on
Earth. Thus, even body-fixed solar panels can remain
sun-pointed while the spacecraft communicates with
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Earth, which will reduce the net negative drain on
the SmallSat power system. However, battery sizing
and thermal considerations may still limit the total
transmitter “on” time and the frequency at which
communication can be cycled. Likewise, since the
moon presents an attractive target for many poten-
tial missions, we can expect plenty of opportunity for
MSPA passes; on the other hand, the X-band beam-
width of the 34-meter DSN antennas is only 540 km
at lunar distances (S-band is slightly better at 1830
km),'5 so hopes for continual MSPA usage may be
overly optimistic.

III. DoPPLER ONLY TRACKING

This section presents a qualitative discussion of
Doppler tracking performance in the Earth-Moon re-
gion. Two-way tracking uncertainties provide a stan-
dardized baseline, while one-way tracking results in-
dicate the performance available from MSPA and
other one-way scenarios. Tabulated results for these
and all other cases are contained in the appendix.

III.i Two-Way Doppler Tracking

We begin our discussion by focusing on the ex-
pected navigation performance available using two-
way Doppler measurements, where these results serve
as a useful baseline of comparison for other tracking
scenarios. Furthermore, we can assess a minimal level
of performance from DSN communications, as some
amount of two-way communication is required for ev-
ery mission. We run covariance analyses for a variety
of weekly tracking schedules and tracking pass dura-
tion, namely:

e tracking 1, 2, 3, or 7 times a week; and,

e tracking pass durations of 30 minutes, 1, 2, 4, or
8 hours,

for a total set of 20 cases. Tables with summary re-
sults for state reconstruction and forward prediction
specific to two-way Doppler tracking are contained in
appendix; here we reproduce one table (Table 2) to
illustrate and inform our discussion. All covariance
values presented in this analysis are 1-o unless oth-
erwise noted. For our purposes, “reconstruction” is
defined to mean the ability to bound the state at the
epoch of data cut-offs (DCOs). for the last tracking
pass. For this case, “prediction” is the estimation of a
state six weeks after DCO. As is expected, navigation
performance improves with more frequent tracking
and longer passes. However, securing longer continu-
ous tracking passes, if they can be supported by the
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Table 2: Two-way Doppler-only position reconstruction accuracy at data cut-off. Approximate values of the
principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration

/ Week 30 min. | 1 hr. | 2 hrs. | 4 hrs. | 8 hrs.
1 (54.93, 18.1, 6.89) | (14.58, 10.43, 2.6) | (13.09, 1.91, 1.02) | (12.43, 0.57, 0.36) | (3.67, 0.47, 0.09
2 (37.85, 7.06, 4.02) (7.91, 3.6, 1.66) (1.81, 1.05, 0.57) (0.41, 0.34, 0.27) | (0.27, 0.23, 0.08
3 (7.22, 4.06, 1.19) (4.77, 1.89, 1.01) (1.41, 0.82, 0.43) (0.35, 0.27, 0.22) | (0.22, 0.19, 0.05
7 (2.56, 2.07, 0.72) (2.18, 1.08, 0.59) (0.93, 0.58, 0.31) (0.28, 0.21, 0.19) | (0.17, 0.12, 0.05
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Fig. 2: Growth in position and velocity uncertainty for 2-way Doppler only, 1 pass per week. Vertical lines

are data cut-offs (DCOs).

spacecraft, seems to be a more effective strategy than
increasing the number of passes; note, for example,
that one weekly pass of 8 hours is comparable in both
reconstructive and predictive power to daily passes of
2 to 4 hours. Note also the apparent law of diminish-
ing marginal utility (a phrase we freely borrow from
economics): at some point increases in pass frequency
and duration provide only modest improvements in
uncertainty, at least in terms of absolute values.

Some notable aspects of the state uncertainty time
history are not captured by the simple quantitative
comparison presented so far. Thus, we turn to an
assessment of the evolution of the covariance ellip-
soids over time. Figure 2 illustrates the time his-
tory of the principal components of the 3-D position
and velocity uncertainty ellipsoids for one pass per
week; the a-, b-, and c-axes are the major, interme-
diate, and minor principal axes of the uncertainty
ellipsoid, respectively. Note that for tracking dura-
tions of less than 1 hour, the major and intermediate
axes of the position covariance grow from the initial
epoch of the simulation, through DCO, and on to
the end of the prediction interval. Likewise, veloc-
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ity covariances are degraded for these cases as well.
By implication, the estimates of other spacecraft pa-
rameters such as maneuver execution and solar ra-
diation pressure (SRP) would be equally suspect. It
is worth noting, though, that even relatively short
two-way tracking passes may be sufficient for recon-
structing the state and other spacecraft parameters
for many mission scenarios, and some negative effects
of sub-hour tracking can be removed by the addition
of one extra tracking pass per week. As we show in
Fig. 3, increasing the number of tracking passes re-
moves pre-DCO kinks in the velocity reconstruction,
indicating that additional components of the maneu-
ver performance are resolved. In contrast, the quali-
tative behavior of the largest principal axis does not
change, even if tracking is increased to a daily occur-
rence. This observation reinforces two common rules
of thumb in deep-space navigation:

1. Keep tracking passes sufficiently long in order to:

(a) resolve stochastic or bias effects of long-
term perturbations like SRP or gravity mis-
modeling; and,
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Fig. 3: Growth in position and velocity uncertainty for 2-way Doppler only, 2 passes per week. Vertical lines

are data cut-offs (DCOs).

(b) ascertain right ascension and declination in-
formation from the Earth’s rotational sig-
nature (Hamilton-Melbourne Theory).!3

2. Budget n 4+ 1 tracking passes for every n ma-
neuvers in order to characterize thruster perfor-
mance, -or- perform maneuvers in the middle of
longer tracking passes.

While Figs. 2 and 3 highlight the behavior of the prin-
cipal axes of the covariance ellipsoid, a common nav-
igation practice is to view these values as projections
onto some invariant plane, commonly the B-plane of
a target body. Thus, we present notional B-plane
ellipses in Fig. 4; since we are not estimating state
updates via a filtering process, we center the uncer-
tainty ellipses on (0,0). Note the different alignments
of the uncertainty ellipses for the 30-min tracking sce-
nario versus the longer pass durations. Note also that
weekly 1-, 2-, and 4-hour passes are roughly equiva-
lent in predictive power, while 8-hour passes provide
significantly improved estimates in the largest princi-
pal axis.

I11.ii One-Way Doppler Tracking

We turn now to the one-way Doppler measurement
type, where we begin our analysis by considering one-
way Doppler measurements as the sole information
source for state estimation (note our assumed use of
a CSAC for precise timing). In reality, some two-
way communication may be intermixed with the one-
way passes; however, we neglect this consideration
in favor of the more conservative one-way only sce-
nario. As with two-way tracking, we run cases for 1,
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Fig. 5: Growth in position and velocity uncertainty for 1-way Doppler only, 3 passes per week. Vertical lines

are data cut-offs (DCOs).

2, 3, and 7 passes per week and 30-min, 1-, 2-, 4-,
8-hour durations. Overall, the same general trends
emerge for one-way as for two-way tracking, though
with uncertainties 2-4 times larger than for pure two-
way tracking: longer durations are more beneficial
than multiple passes and the marginal utility of addi-
tional tracking quickly drops off. However, the time-
history behavior of the covariances shows remarkable
degradation, as is evidenced by Figs. 5 and 6. Even
for thrice-weekly passes, state uncertainties prior to
DCO do not have consistent magnitudes over time,
with correspondingly large uncertainties in other op-
erational parameters. It is only with daily tracking
passes that reconstructions in the XY -plane achieve
a steady level; as with two-way tracking, passes of 2
or more hours are highly desirable to reduce uncer-
tainties.

IV. ADDITIONAL MEASUREMENT TYPES

‘We now consider the use of supplemental measure-
ment types in conjunction with, or in place of, tra-
ditional Doppler measurements. In particular, we fo-
cus on ranging, either via single-antenna methods or
through the use of DDOR.

IV.i Range Data Types

We first consider traditional ranging schemes
which can be performed simultaneously with Doppler
measurements. As can be seen for two-way SRA in
Fig. 7, the performances in Doppler-only and ranging-
only are similar in magnitude, if not exact qualitative
behavior. However, when the measurements types
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Fig. 7: Growth in position and velocity uncertainty for 2-way SRA, 1 pass per week. Vertical lines are data

cut-offs (DCOs).

are considered simultaneously, as in Fig. 8, the perfor-
mance is significantly improved for tracking passes of
less than 1 hour. On the other hand, two-way ranging
has the potential to degrade telemetry, so its use can-
not always be assumed for all cases. One-way ranging
has a similar performance boosting capability when
used in conjunction with one-way Doppler, though
we caution the reader that the combined simulation
results should be treated especially cautiously, given
the previously mentioned modeling limitations.

IV.ii Delta Differential One-way Range

We now consider the addition of DDOR data in
the two- and one-way tracking scenarios discussed
previously. Specifically, we include either monthly
or weekly DDOR tracking passes interspersed within
the already established Doppler schedules. The fol-
lowing discussion focuses on these two cases and their
implications for deep-space navigation; for this anal-
ysis, DDOR tracking passes are assumed to be 30
minutes in duration.

The inclusion of monthly DDOR passes into sparse
tracking schedules dramatically decreases state un-
certainty, as can be seen when comparing the covari-
ance values for two-way Doppler in Table 3 to those
in Table 2. In particular, note that one DDOR pass
per month combined with once-per-week, 30-min,
two-Way Doppler passes produces reconstructed and
predicted uncertainties comparable to thrice weekly
passes of 30-min duration or weekly passes of 1-2
hours. The effects are even more dramatic when
DDOR is used in conjunction with one-way Doppler
tracking, where this combination produces navigation

IAC-17-B4,3,12,x41638

uncertainties well below that of purely two-way track-
ing.

An examination of the covariance time histories re-
veals an equally impressive change in qualitative be-
havior when DDOR tracking is included every month.
Figures 9 and 10 illustrate the growth in uncertainty
for two- and one-way Doppler tracking in conjunc-
tion with monthly DDOR. In both cases, the growth
in uncertainty of the reconstructed states is delayed
by the inclusion of monthly DDOR measurements.
However, the growth prior to DCO is not entirely
eliminated for short tracking passes; passes of at least
one hour are required for consistent state reconstruc-
tion. Note also the “pinching” in the covariances at
the epochs of the DDOR passes; the most accurate re-
constructions will understandably be for epochs when
the most precise measurements are available.

Weekly DDOR tracking further decreases state co-
variances, though the qualitative differences between
weekly and monthly DDOR are slight. Daily passes
are still required for one-way Doppler tracking to
provide consistent state reconstructions; in contrast,
weekly DDOR tracking enables even weekly two-way
Doppler passes to provide consistent reconstructions,
regardless of pass duration.

V. CONCLUSIONS

Efficient use of the tracking and telecommunica-
tions capability of the Deep Space Network is an
increasing concern, especially given the predicted
growth in the number of deep space missions. In
particular, SmallSat missions with constrained bud-
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Table 3: Two-way Doppler plus monthly DDOR position reconstruction accuracy at data cut-off. Approxi-
mate values of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (18.25, 11.58, 6.06) | (13.58, 6.05, 2.6) | (8.12, 1.67, 1.0) | (6.78, 0.55, 0.33) | (2.71, 0.36, 0.07)
2 (9.0, 6.97, 0.45) | (5.67, 2.5, 0.43) | (1.63, 1.01, 0.42) | (0.41, 0.33, 0.27) | (0.26, 0.21, 0.08)
3 (4.49, 2.65, 0.38) | (3.02, 1.87, 0.36) | (1.19, 0.81, 0.33) | (0.35, 0.26, 0.22) | (0.22, 0.18, 0.05)
7 (2.46, 1.65, 0.33) | (2.11, 1.07, 0.32) | (0.9, 0.58, 0.28) | (0.27, 0.21, 0.19) | (0.17, 0.12, 0.05)
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Fig. 9: Growth in position and velocity uncertainty for 2-way Doppler plus DDOR: 1 Doppler pass per week,
1 DDOR pass per month. Vertical lines are data cut-offs (DCOs).
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Fig. 10: Growth in position and velocity uncertainty for 1-way Doppler plus DDOR: 1 Doppler pass per
week, 1 DDOR pass per month. Vertical lines are data cut-offs (DCOs).

gets will need to be parsimonious in DSN usage and
will need to carefully calibrate mission objectives and
requirements to match available DSN support. As
demonstrated throughout this investigation, precise
state estimation relies on plentiful and accurate mea-
surement data, whether that information is from tra-
ditional two-way tracking or alternative data sources.
Note that we have not considered relative navigation,
whether for formations of spacecraft or for explo-
ration of primitive bodies; inter-spacecraft ranging,
optical navigation, or differential measurements may
be required for applications where precise knowledge
of relative states is required. However, we present a
catalogue of DSN tracking scenarios for lunar mission
architectures that planners can use to inform their
initial trade studies. Qualitative results are summa-
rized as follows:

1. Long duration Doppler passes enable precise
navigation:

(a) Two-way Doppler tracking, the most com-
monly used DSN measurement type, pro-
vides the baseline for comparison;

(b) One-way Doppler measurements exploit the
forthcoming multiple spacecraft tracking
capability of the DSN, but rely on precise
clocks; even so, accuracy is generally an or-
der of magnitude worse than two-way track-
ing;

Sparse tracking with short passes can meet
loose positioning requirements, but with de-
graded capability to reconstruct the space-
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craft state and other operational parame-
ters;

2. Ranging measurements, including DDOR, pro-
vide a complementary capability that:

(a) Greatly improves navigation accuracies,
though the effect is most pronounced for
short and sparse Doppler passes;

(b) Enables reconstruction of additional space-

craft parameters when short Doppler passes

are used;

For DDOR, requires the use of two DSN
antennas, though less frequently and for
shorter intervals than Doppler measure-
ments.

(c)

Tabulated results for different tracking schedules and
mission architectures can be found in the appendix
and are provided as a reference for mission planners.
Note that these are just guidelines; selection of the
proper schedule and measurement types will be mis-
sion dependent, especially since hardware limitations
may necessitate short tracking passes. But, a variety
of tracking options can provide comparable naviga-
tional accuracies, so most missions should be able to
find an option that satisfies their specific needs while
still enabling efficient use of limited DSN resources.
In general, we expect state reconstructions based
on Doppler data to be more precise when near mas-
sive gravitating bodies, even if forward predictions
may become less certain. Briefly, Doppler provides a
direct measurement of relative velocity and, there-
fore, we gain more insight into the current mo-
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tion of the spacecraft when velocity changes are
more pronounced. For lunar region applications,
reconstructed position uncertainties can range from
roughly 100 km for the most sparse one-way tracking
scenarios, to sub-kilometer accuracies for extensive
two-way tracking. Likewise, forward prediction ac-
curacies range from roughly 300 km down to single
digit kilometers. Note that sparse one-way tracking
schemes do raise concerns about acquiring contact
with the DSN: the 1 — o uncertainties in position
are of the same order of magnitude as the X-band
beam width of the 34-m antennas. However, given
the projected number of missions to the lunar re-
gion within the next decade, opportunities for MSPA
are expected to be relatively frequent, which in turn
indicates that a significant number of smallsat mis-
sions could rely on one-way measurements as a ma-
jor component of their navigation plan. In particu-
lar, routine operations in LPOs and DROs could be
fully supported by a mix of one-way and two-way
Doppler tracking (note again that we speak in terms
of absolute knowledge, not relative navigation within
a formation or constellation). Inclusion of ranging
and/or DDOR has notable positive effects on navi-
gation estimates, but the best use of DDOR may re-
main to provide supplementary tracking for already
sparse schedules to support close approaches to the
Moon or Earth, for example on transfer, escape, or
capture trajectories. Although we focused on a lunar
flyby trajectory, our investigation could inform track-
ing analysis for lunar-centric orbits, though we cau-
tion the reader to use his or her own judgement when
applying our conclusions to these different cases; our
results may well apply to high-altitude orbits above
the moon, but low-lunar orbits require separate con-
sideration.

While this investigation comprehensively ana-
lyzed the navigation performance of Doppler and
DDOR measurement types in straight-forward track-
ing schedules, some avenues for future work remain.
First, sample cases showing the effects of intermixing
two- and one-way measurements would provide more
realistic uncertainties for some possible operational
paradigms. Additionally, fitting multiple 30-min seg-
ments into longer 4- or 8-hour tracking passes may
provide a more accurate simulation of MSPA opera-
tion, and could provide a significant portion of the ge-
ometric information contained in a continuous long-
duration pass. Finally, accurate modeling of clock
behavior and performance will increase the fidelity of
one-way measurement simulations, providing a more
accurate assessment of potential navigation perfor-
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mance.
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VII. APPENDIX - TABULATED DATA

NOTE: All covariance values presented in this
analysis are 1-0 unless otherwise noted. The approxi-
mate values presented here represent a specific analy-
sis case of lunar transport and should ONLY be used
to estimate orders of magnitude more generally. As
always, the best course of action is to conduct your
own analysis for your specific use case. All one-way
measurement type results tabulated here assume the
use of a Chip-Scale Atomic Clock'” that is currently
being evaluated for future use on SmallSats; currently
available clocks suitable for SmallSat applications are
much less precise.
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Table 5: Two-way Doppler-only velocity reconstruction accuracy at data cut-off. Approximate values of the
principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (63.33, 17.82, 2.61) | (23.96, 7.79, 0.71) | (8.79, 5.25, 0.2) (7.49, 4.83,0.1) | (4.79, 3.97, 0.04)
2 (27.35, 11.52, 1.82) | (14.33, 5.7, 0.53) | (3.93, 2.51, 0.13) | (1.25, 1.02, 0.03) | (0.84, 0.3, 0.02)
3 (8.21, 6.88, 0.42) (6.32, 4.55, 0.26) (2.87,2.0,0.1) (1.0, 0.83, 0.05) | (0.68, 0.23, 0.03)
7 (3.87, 2.24, 0.24) (3.24, 1.64, 0.15) | (1.51, 0.98, 0.07) | (0.53, 0.49, 0.03) | (0.29, 0.2, 0.02)

Table 6: Two-way Doppler-only position prediction accuracy at lunar close approach. Approximate values
of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (160.8, 47.3, 23.2) | (75.0, 30.3, 16.0) | (69.4, 17.1, 14.7) | (66.8, 16.2, 14.5) | (39.8, 15.3, 14.5)
2 (91.9, 25.1, 17.9) | (41.0, 20.9, 15.0) | (35.7, 15.4, 14.0) | (35.4, 14.9, 13.7) | (35.4, 14.9, 13.7)
3 (36.7, 17.2, 16.1) | (36.2, 16.5, 14.6) | (35.5, 15.2, 13.9) | (35.4, 14.9, 13.7) | (35.4, 14.9, 13.7)
7 (21.6, 13.8,11.0) | (21.4, 13.2,10.9) | (20.5, 11.4, 10.7) | (17.1, 10.0, 9.3) (15.2, 9.1, 8.6)

Table 7: Two-way Doppler-only velocity prediction accuracy at lunar close approach. Approximate values
of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes
Per Week

30 min.

|

1 hr.

Pass Duration
‘ 2 hrs.

‘ 4 hrs.

|

8 hrs.

~N W N

(823.1, 129.8, 66.0)
(474.2, 60.9, 48.5)
(196.7, 40.2, 36.7)
(113.3, 29.8, 22.3)

(394.7, 79.0, 38.5)
(218.0, 49.3, 34.7)
(194.0, 35.7, 32.6)
(1125, 27.8, 21.8)

(363.1, 38.1, 32.7
(190.8, 31.6, 30.4
(189.8, 30.9, 29.7
(109.3, 22.4, 20.6

)
)
)
)

(350.0, 35.4, 31.7)
(189.3, 30.3, 28.8)
(189.2, 30.3, 28.8)
(95.0, 17.5, 16.3)

(211.8, 32.2, 30.6)
(189.1, 30.2, 28.7)
(189.1, 30.2, 28.7)
(85.8, 15.3, 12.9)

Table 8: Two-way SRA-only position reconstruction accuracy at data cut-off. Approximate values of the
principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (130.02, 9.6, 0.01) | (61.2,9.47, 0.0) | (13.47, 8.47,0.0) | (2.66, 2.5, 0.0) | (0.67, 0.35, 0.0)
2 (11.13, 0.98, 0.02) | (7.22, 0.35, 0.01) | (4.52,0.22,0.0) | (1.43,0.18,0.0) | (0.5, 0.16, 0.0)
3 (4.37, 0.76, 0.0) (1.81, 0.33, 0.0) (0.93, 0.15, 0.0) (0.7, 0.1, 0.0) (0.39, 0.08, 0.0)
7 (0.45, 0.15, 0.0) (0.21, 0.13, 0.0) (0.11, 0.08, 0.0) | (0.07, 0.03, 0.0) | (0.03, 0.02, 0.0)

Table 9: Two-way SRA-only velocity reconstruction accuracy at data cut-off. Approximate values of the
principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. \ 1 hr. \ 2 hrs. \ 4 hrs. \ 8 hrs.
1 (122.82, 38.27, 4.86) | (72.89, 37.5, 3.72) | (38.62, 27.66, 0.99) | (11.29, 7.46, 0.27) | (5.0, 1.57, 0.06)
2 (9.54, 2.83, 1.21) (5.55, 1.59, 0.53) (3.83, 1.02, 0.25) (2.79, 0.63, 0.1) (1.45, 0.51, 0.03)
3 (5.72, 2.7, 0.17) (3.36, 1.11, 0.08) (2.05, 0.59, 0.06) (1.73, 0.4, 0.05) (1.15, 0.32, 0.04)
7 (0.69, 0.34, 0.14) (047, 0.31, 0.1) (0.31, 0.23, 0.07) (0.23, 0.17, 0.06) | (0.17, 0.14, 0.03)
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Table 10: Two-way SRA-only position prediction accuracy at lunar close approach. Approximate values of

the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (147.2, 80.7, 22.8) | (95.9, 70.8, 22.2) | (82.1, 33.8, 21.0) | (41.1, 17.6, 15.8) | (35.5, 15.0, 14.6)
2 (35.9, 17.1, 14.9) | (35.5, 15.4, 14.6) | (35.4, 15.0, 14.3) | (35.4, 15.0, 13.9) | (35.4, 14.9, 13.7)
3 (35.6, 15.6, 14.7) | (35.4, 15.0, 14.0) | (35.4, 15.0, 13.8) | (35.4, 14.9, 13.7) | (35.4, 14.9, 13.7)
7 (20.9, 13.6, 10.7) | (20.8, 13.2, 10.7) | (20.7, 12.7, 10.7) | (20.6, 11.6, 10.6) (16.8, 9.9, 9.6)

Table 11: Two-way SRA-only velocity prediction accuracy at lunar close approach. Approximate values of
the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes
Per Week

30 min.

‘ 1 hr.

|

Pass Duration
2 hrs.

‘ 4 hrs.

‘ 8 hrs.

1

2
3
7

(556.3, 385.7, 58.5)
(192.7, 42.6, 30.2)
(190.4, 35.0, 30.2)
(110.5, 28.7, 20.8)

(4478, 258.8, 56.5)
(189.8, 36.6, 29.6)
(189.3, 31.4, 29.3)
(110.4, 27.7, 20.7)

(415.9, 100.9, 51.7)
(189.3, 33.2, 29.4)
(189.2, 30.6, 28.9)
(110.3, 26.0, 20.6)

(219.9, 38.8, 37.0)
(189.2, 31.0, 29.1)
(189.1, 30.5, 28.8)
(109.8, 23.1, 20.4)

(189.7, 32.2, 30.0)
(189.1, 30.3, 28.8)
(189.1, 30.3, 28.7)
(93.4, 17.6, 16.7)

Table 12: Two-way Doppler+SRA position reconstruction accuracy at data cut-off. Approximate values of
the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (8.55, 7.43, 0.0) | (5.24, 2.65, 0.0) | (1.54, 1.04, 0.0) | (0.59, 0.32, 0.0) | (0.48, 0.06, 0.0)
2 (2.77,0.14, 0.0) | (1.29, 0.13, 0.0) | (0.81, 0.17, 0.0) | (0.38, 0.15, 0.0) | (0.21, 0.07, 0.0)
3 (0.72, 0.09, 0.0) | (0.68, 0.09, 0.0) | (0.54, 0.08, 0.0) | (0.32, 0.07, 0.0) | (0.21, 0.04, 0.0)
7 (0.07, 0.04, 0.0) | (0.06, 0.03, 0.0) | (0.04, 0.02, 0.0) | (0.03, 0.02, 0.0) | (0.02, 0.01, 0.0)

Table 13: Two-way Doppler+SRA velocity reconstruction accuracy at data cut-off. Approximate values of
the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (37.99, 17.3, 0.58) | (23.12, 7.64, 0.28) | (6.69, 5.02, 0.13) | (4.88, 1.49, 0.05) | (4.76, 0.72, 0.02)
2 (3.27, 0.79, 0.21) (2.81, 0.62, 0.12) 2.08, 0.56, 0.05) | (1.17, 0.47, 0.03) | (0.7, 0.25, 0.02)
3 (1.78, 0.4, 0.05) (1.71, 0.37, 0.05) 1.48, 0.34, 0.04) | (0.96, 0.29, 0.04) | (0.66, 0.19, 0.02)
7 (0.23, 0.18, 0.05) (0.21, 0.16, 0.05) 0.19, 0.15, 0.03) | (0.17, 0.14, 0.02) | (0.15, 0.13, 0.01)

Table 14: Two-way Doppler+SRA position prediction accuracy at lunar close approach. Approximate values
of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. \ 1 hr. \ 2 hrs. \ 4 hrs. \ 8 hrs.
1 (83.5, 23.1, 21.0) | (57.5, 20.0, 15.9) | (37.4, 16.1, 14.7) | (35.5, 15.0, 14.5) | (35.4, 14.9, 14.5)
2 (35.4, 15.0, 14.1) | (35.4, 15.0, 13.9) | (35.4, 14.9, 13.8) | (35.4, 14.9, 13.7) | (35.4, 14.9, 13.7)
3 (354, 14.9, 13.8) | (35.4, 14.9, 13.7) | (35.4, 14.9, 13.7) | (35.4, 14.9, 13.7) | (35.4, 14.9, 13.7)
7 (20.6, 11.6, 10.5) | (20.6, 11.3, 10.3) | (20.1, 10.9, 9.9) | (16.7, 9.9, 9.2) (15.1, 9.0, 8.5)
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Table 15: Two-way Doppler+SRA velocity prediction accuracy at lunar close approach. Approximate values
of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes
Per Week

30 min.

|

1 hr.

Pass Duration
‘ 2 hrs.

‘ 4 hrs.

‘ 8 hrs.

1

2
3
7

424.8, 65.1, 51.0)
189.2, 31.8, 29.2)
189.1, 30.5, 28.8)

)

(
(
(
(109.9, 23.2, 20.1

299.5, 47.9, 37.4)
189.2, 31.0, 29.1)
189.1, 30.5, 28.8)

)

(
(
(
(109.7, 22.1, 19.5

200.1, 33.6, 32.6
189.1, 30.6, 28.9

(
(
(
(107.9, 20.8, 18.2

)
)
189.1, 30.4, 28.8)
)

(189.6, 32.0, 29.9)
(189.1, 30.3, 28.8)
(189.1, 30.2, 28.7)
(93.2, 17.0, 15.7)

(189.2, 31.9, 29.7)
(189.1, 30.2, 28.7)
(189.0, 30.2, 28.7)
(85.6, 15.0, 12.8)

Table 16: Two-way Doppler plus monthly DDOR position reconstruction accuracy at data cut-off. Approx-
imate values of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (18.25, 11.58, 6.06) | (13.58, 6.05, 2.6) | (8.12, 1.67, 1.0) | (6.78, 0.55, 0.33) | (2.71, 0.36, 0.07)
2 (9.0, 6.97, 0.45) (5.67, 2.5, 0.43) | (1.63, 1.01, 0.42) | (0.41, 0.33, 0.27) | (0.26, 0.21, 0.08)
3 (4.49, 2.65, 0.38) (3.02, 1.87, 0.36) | (1.19, 0.81, 0.33) | (0.35, 0.26, 0.22) | (0.22, 0.18, 0.05)
7 (2.46, 1.65, 0.33) (2.11, 1.07, 0.32) | (0.9, 0.58, 0.28) | (0.27, 0.21, 0.19) | (0.17, 0.12, 0.05)

Table 17: Two-way Doppler plus monthly DDOR velocity reconstruction accuracy at data cut-off. Approx-
imate values of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (44.26, 17.61, 0.99) | (23.52, 7.62, 0.5) (6.97, 4.54, 0.2) (5.3, 2.7, 0.05) (4.57, 1.26, 0.01)
2 (21.05, 10.97, 0.68) | (14.26, 5.63, 0.29) | (3.93, 2.49, 0.11) | (1.21, 0.85, 0.03) | (0.58, 0.29, 0.01)
3 (7.61, 5.64, 0.41) (6.23, 4.28, 0.21) | (2.87, 1.99, 0.09) | (0.95, 0.72, 0.05) | (0.52, 0.23, 0.03)
7 (3.73, 2.23, 0.23) (3.13, 1.63, 0.13) | (1.45, 0.98, 0.06) | (0.5, 0.43, 0.03) (0.27, 0.2, 0.02)

Table 18: Two-way Doppler plus monthly DDOR position prediction accuracy at lunar close approach.
Approximate values of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (89.3,47.1, 23.2) | (75.0, 29.2, 15.9) | (49.4, 17.0, 14.6) | (43.4, 16.1, 14.4) | (37.1, 15.2, 14.3)
2 (45.4, 24.5,17.9) | (39.0, 20.9, 15.0) | (35.7, 15.4, 14.0) | (35.4, 14.9, 13.7) | (35.4, 14.9, 13.7)
3 (36.3, 16.8, 15.3) | (35.9, 16.4, 14.6) | (35.5, 15.2, 13.9) | (35.4, 14.9, 13.7) | (35.4, 14.9, 13.7)
7 (21.6, 13.8, 11.0) | (21.4, 13.2, 10.9) | (20.5, 11.3, 10.7) | (17.1, 10.0, 9.3) (15.2, 9.1, 8.6)

Table 19: Two-way Doppler plus monthly DDOR velocity prediction accuracy at lunar close approach. Ap-
proximate values of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. \ 1 hr. \ 2 hrs. \ 4 hrs. \ 8 hrs.
1 (463.9, 124.8, 65.3) | (394.6, 73.7, 38.2) | (258.3, 38.1, 32.6) | (226.6, 35.3, 31.7) | (197.2, 31.7, 30.6)
2 (236.6, 60.9, 47.3) | (208.4, 49.3, 34.2) | (190.7, 31.6, 30.3) | (189.2, 30.3, 28.8) | (189.1, 30.2, 28.7)
3 (194.3, 36.7, 35.0) | (192.2, 34.8, 32.5) | (189.8, 30.9, 29.7) | (189.2, 30.2, 28.8) | (189.1, 30.2, 28.7)
7 (113.3,29.7, 22.3) | (1125, 27.8, 21.8) | (109.2, 22.3, 20.5) | (95.0, 17.5, 16.3) | (85.8, 15.3, 12.9)
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Table 20: Two-way Doppler plus weekly DDOR, position reconstruction accuracy at data cut-off. Approxi-
mate values of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (15.47, 6.87, 0.67) | (14.04, 2.55, 0.41) | (7.29, 1.0, 0.36) | (2.15, 0.48, 0.29) | (1.39, 0.29, 0.08)
2 (6.49, 0.65, 0.07) (2.33, 0.37, 0.06) (0.98, 0.33, 0.2) (0.4, 0.28, 0.08) | (0.25, 0.21, 0.02)
3 (3.42, 0.67, 0.28) (1.93, 0.39, 0.25) (0.8, 0.27, 0.15) | (0.34, 0.22, 0.06) | (0.22, 0.18, 0.02)
7 (1.88, 0.71, 0.26) (1.11, 0.44, 0.25) | (0.57, 0.26, 0.21) | (0.26, 0.19, 0.1) | (0.17, 0.12, 0.04)

Table 21: Two-way Doppler plus weekly DDOR velocity reconstruction accuracy at data cut-off. Approxi-
mate values of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (17.54, 8.55, 0.48) | (7.66, 5.85, 0.31) | (5.57, 4.97, 0.15) | (5.14, 3.91, 0.05) | (4.49, 1.34, 0.02)
2 (10.72, 6.44, 0.14) | (5.95, 2.63, 0.11) | (2.97, 1.26, 0.05) | (1.2, 0.74, 0.03) (0.7, 0.26, 0.02)
3 (7.35,3.37,0.12) | (5.01, 1.95, 0.08) | (2.4, 1.01, 0.06) | (0.97, 0.57, 0.05) | (0.58, 0.21, 0.03)
7 (2.83,1.87,0.08) | (1.88, 1.14, 0.07) | (1.11, 0.72, 0.05) (0.5, 0.4, 0.03) (0.28, 0.2, 0.02)

Table 22: Two-way Doppler plus weekly DDOR position prediction accuracy at lunar close approach. Ap-
proximate values of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (69.3, 23.0, 18.7) | (66.6, 17.1, 15.7) | (46.5, 16.4, 14.6) | (37.3, 15.6, 14.4) | (36.4, 15.1, 14.1)
2 (35.8, 18.2, 16.4) | (35.6, 15.3, 14.9) | (35.5, 15.0, 14.0) | (35.4, 14.9, 13.7) | (35.4, 14.9, 13.7)
3 (35.6, 15.6, 15.5) | (35.5, 15.1, 14.6) | (35.4, 14.9, 13.9) | (35.4, 14.9, 13.7) | (35.4, 14.9, 13.7)
7 (21.1, 13.8, 10.9) | (21.0, 13.2, 10.8) | (20.5, 11.3, 10.6) (16.8, 9.9, 9.3) (15.2, 9.1, 8.6)

Table 23: Two-way Doppler plus weekly DDOR velocity prediction accuracy at lunar close approach. Ap-
proximate values of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (356.9, 64.3, 42.6) | (344.4, 40.4, 35.2) | (245.0, 35.8, 31.8) | (199.8, 32.2, 30.6) | (195.2, 31.4, 29.1)
2 (190.9, 46.9, 34.6) | (189.9, 34.0, 30.8) | (189.5, 30.7, 29.5) | (189.2, 30.3, 28.8) | (189.1, 30.2, 28.7)
3 (190.1, 36.4, 31.7) | (189.6, 32.6, 30.3) | (189.3, 30.5, 29.2) | (189.1, 30.2, 28.7) | (189.1, 30.2, 28.7)
7 (111.3,29.7, 21.5) | (111.0, 27.7, 20.9) | (109.2, 22.3, 20.5) | (93.8, 17.3, 16.1) (85.7, 15.3, 12.8)

Table 24: One-way Doppler-only position reconstruction accuracy at data cut-off. Approximate values of
the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. \ 1 hr. \ 2 hrs. \ 4 hrs. \ 8 hrs.
1 (147.23, 61.13, 16.99) | (78.52, 26.44, 14.55) | (18.11, 15.12, 7.6) | (13.36, 3.19, 2.93) | (12.36, 1.22, 0.6
2 (97.63, 44.33, 6.67) (53.7, 18.3, 5.35) (13.18, 8.15, 3.53) | (3.24, 2.72,0.99) | (1.23, 0.61, 0.35
3 (38.92, 13.29, 2.56) (17.24, 8.73, 1.98) (7.63, 4.85, 1.53) (2.46, 2.06, 0.7) (0.99, 0.49, 0.28
7 (17.06, 6.44, 2.05) (7.92, 4.81,1.47) | (4.06, 3.35, 1.04) | (1.79, 1.47, 0.48) | (0.79, 0.36, 0.24
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Table 25: One-way Doppler-only velocity reconstruction accuracy at data cut-off. Approximate values of the
principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (138.09, 71.38, 4.89) | (80.66, 42.28, 3.39) | (33.07, 19.37, 1.15) | (10.51, 8.44, 0.35) | (7.41, 5.52, 0.2)
2 (74.07, 38.21, 3.5) (36.6, 25.12, 2.41) (17.62, 11.58, 1.0) (6.54, 5.21, 0.26) | (3.06, 1.46, 0.09)
3 (32.73, 14.28, 2.22) | (17.52, 11.35, 0.97) (9.2, 7.81, 0.48) (5.41, 3.54, 0.19) | (2.49, 1.16, 0.09)
7 (10.88, 8.03, 1.65) (7.85, 6.37, 0.71) (5.52, 4.69, 0.35) (3.05, 2.19, 0.16) (1.37,0.72, 0.1)

Table 26: One-way Doppler-only position prediction accuracy at lunar close approach. Approximate values
of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (393.8, 86.5, 45.3) | (217.5, 54.7, 41.6) | (83.2, 38.2, 24.6) | (69.7, 18.6, 16.2) | (66.0, 16.3, 14.8)
2 (223.0, 60.1, 24.9) | (125.2, 33.5, 24.2) | (46.6, 23.4, 18.5) | (36.1, 16.3, 15.2) | (35.4, 15.0, 14.0)
3 (46.3, 37.7, 21.0) (39.4, 24.4,19.4) | (37.2, 18.0, 16.5) | (35.7, 15.6, 14.7) | (35.4, 15.0, 13.9)
7 (24.6, 19.2, 12.0) (23.3,16.4, 11.6) | (22.3, 14.7, 11.3) | (20.9, 13.5, 10.8) | (18.5, 12.0, 10.3)

Table 27: One-way Doppler-only velocity prediction accuracy at lunar close approach. Approximate values
of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (1997.1, 279.8, 129.1) | (1108.3, 157.1, 123.4) | (435.6, 102.1, 70.0) | (364.7, 44.0, 38.3) | (345.4, 35.7, 32.7)
2 (1123.9, 197.8, 61.5) (641.0, 100.3, 60.7) (245.1, 56.9, 49.1) | (192.8, 35.2, 34.1) | (189.4, 31.0, 29.5)
3 (235.2, 125.6, 52.0) (211.3, 69.3, 46.3) (199.3, 41.4, 39.7) | (190.6, 33.2, 32.0) | (189.3, 30.7, 29.2)
7 (125.6, 54.1, 27.7) (119.9, 40.2, 25.8) (115.8, 33.2, 23.9) | (110.5, 28.7, 21.2) | (100.8, 24.3, 18.8)

Table 28: One-way range-only position reconstruction accuracy at data cut-off. Approximate values of the
principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (140.06, 10.95, 0.05) | (127.96, 9.71, 0.02) | (57.55, 9.4, 0.01) | (13.04, 7.14, 0.0) | (2.63, 1.63, 0.0)
2 (29.81, 5.08, 0.05) (15.19, 1.79, 0.03) (8.61, 0.75, 0.0) (4.42, 0.32,0.0) | (1.48, 0.21, 0.0)
3 (15.69, 2.99, 0.0) (7.2, 1.18, 0.0) (3.0, 0.55, 0.0) (1.33, 0.24, 0.0) | (0.76, 0.13, 0.0)
7 (1.89, 0.31, 0.01) (0.71, 0.24, 0.0) (0.33, 0.19, 0.0) (0.16, 0.13, 0.0) (0.1, 0.07, 0.0)

Table 29: One-way range-only velocity reconstruction accuracy at data cut-off. Approximate values of the

principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. \ 1 hr. 2 hrs. 4 hrs. \ 8 hrs.
1 (131.24, 39.34, 5.5) | (121.35, 38.31, 4.9) | (70.81, 37.24, 3.57) | (32.45, 27.12, 0.95) | (7.61, 6.89, 0.26)
2 (30.27, 10.59, 2.72) | (14.22, 4.37, 1.73) (7.17, 2.15, 0.82) (4.39, 1.11, 0.33) (2.98, 0.67, 0.11)
3 (11.05, 6.34, 0.8) (6.66, 4.44, 0.29) (4.82, 1.81, 0.12) (2.69, 0.85, 0.07) (1.85, 0.52, 0.05)
7 (0.97, 0.65, 0.44) (0.81, 0.49, 0.21) (0.63, 0.41, 0.12) (0.41, 0.32, 0.09) | (0.29, 0.22, 0.06)
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Table 30: One-way range-only position prediction accuracy at lunar close approach. Approximate values of
the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (155.8, 84.4, 23.3) | (145.4, 80.8, 22.9) | (94.3, 69.4, 22.1) | (71.7, 32.9, 20.8) | (37.5, 16.5, 15.6)
2 (41.6, 34.0, 18.6) (36.5, 20.2, 15.4) | (35.6, 16.0, 14.8) | (35.4, 15.1, 14.4) | (35.4, 15.0, 14.0)
3 (38.4, 19.9, 15.1) (35.9, 16.4, 14.9) | (35.5, 15.2, 14.4) | (35.4, 15.0, 13.9) | (35.4, 14.9, 13.8)
7 (20.9, 13.7, 10.8) (20.9, 13.7, 10.7) | (20.8, 13.5, 10.7) | (20.8, 13.1, 10.7) | (20.5, 12.3, 10.7)

Table 31: One-way range-only velocity prediction accuracy at lunar close approach. Approximate values of
the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (579.8, 411.6, 60.2) | (550.5, 385.4, 58.6) | (444.5, 249.6, 56.2) | (367.6, 97.3, 50.7) | (201.1, 37.4, 33.9)
2 (218.1, 109.4, 42.3) | (197.2, 53.8, 31.8) (190.9, 38.6, 29.8) | (189.4, 33.6, 29.4) | (189.2, 31.2, 29.1)
3 (206.2, 51.9, 32.7) (192.6, 38.5, 31.1) (189.7, 33.2,29.7) | (189.2, 30.9, 29.1) | (189.1, 30.5, 28.8)
7 (110.5, 29.1, 21.1) (110.5, 28.9, 20.8) (110.5, 28.4, 20.7) | (110.4, 27.2, 20.7) | (108.9, 25.3, 20.5)

Table 32: One-way Doppler+range position reconstruction accuracy at data cut-off. Approximate values of
the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (53.2,9.43,0.0) | (21.52,8.97,0.0) | (8.28, 6.64, 0.0) | (3.05, 2.16, 0.0) | (1.17, 0.51, 0.0)
2 (7.03,0.33, 0.01) | (5.57,0.25,0.01) | (3.25, 0.25, 0.0) | (1.62, 0.21, 0.0) | (0.9, 0.19, 0.0)
3 (1.74, 0.31, 0.0) (1.33,0.23, 0.0) | (1.05, 0.18, 0.0) | (0.82, 0.14, 0.0) | (0.59, 0.11, 0.0)
7 (0.27, 0.19, 0.0) (0.21, 0.15, 0.0) | (0.16, 0.11, 0.0) | (0.13, 0.08, 0.0) | (0.09, 0.06, 0.0)

Table 33: One-way Doppler+range velocity reconstruction accuracy at data cut-off. Approximate values of
the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (67.76, 37.28, 3.43) | (45.2, 34.32, 1.58) | (29.51, 19.0, 0.63) | (9.44, 8.29, 0.3) | (5.45, 2.38, 0.12)
2 (5.42, 1.55, 0.5) (4.73, 1.25, 0.38) (3.72, 0.9, 0.24) (3.07, 0.69, 0.12) | (2.28, 0.59, 0.06)
3 (3.26, 1.06, 0.08) (2.66, 0.84, 0.07) (2.24, 0.68, 0.06) | (1.94, 0.54, 0.05) | (1.58, 0.43, 0.05)
7 (0.64, 0.42, 0.1) (0.5, 0.35, 0.09) (0.4, 0.29, 0.08) (0.33, 0.24, 0.07) | (0.27, 0.2, 0.06)

Table 34: One-way Doppler+range position prediction accuracy at lunar close approach. Approximate values

of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. \ 1 hr. \ 2 hrs. \ 4 hrs. \ 8 hrs.
1 (93.1, 67.2, 22.0) | (86.0, 44.9, 21.2) | (68.1, 24.5, 20.6) | (39.4, 17.2, 16.1) | (35.6, 15.1, 14.7)
2 (35.5, 15.3, 14.6) | (35.4, 15.1, 14.5) | (35.4, 15.0, 14.2) | (35.4, 15.0, 14.0) | (35.4, 14.9, 13.8)
3 (35.4, 15.0, 14.0) | (35.4, 15.0, 13.9) | (35.4, 15.0, 13.8) | (35.4, 14.9, 13.8) | (35.4, 14.9, 13.7)
7 (20.8, 13.3, 10.7) | (20.8, 13.1, 10.7) | (20.8, 12.9, 10.7) | (20.6, 12.4, 10.7) | (18.0, 11.3, 10.2)
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Table 35: One-way Doppler+range velocity prediction accuracy at lunar close approach. Approximate values
of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (444.9, 236.7, 55.9) | (432.1, 139.3, 52.7) | (350.7, 69.2, 49.7) | (211.4, 38.9, 36.6) | (190.4, 33.0, 30.2)
2 (189.8, 36.4, 29.5) (189.5, 34.7, 29.5) | (189.3, 32.3, 29.3) | (189.2, 31.3, 29.2) | (189.2, 30.6, 29.0)
3 (189.3, 31.4, 29.2) (189.2, 30.9, 29.1) | (189.2, 30.7, 28.9) | (189.2, 30.5, 28.9) | (189.1, 30.4, 28.8)
7 (110.4, 27.7, 20.7) (110.4, 27.3, 20.7) | (110.3, 26.6, 20.6) | (109.8, 25.4, 20.6) | (98.6, 22.3, 18.3)

Table 36: One-way Doppler plus monthly DDOR position reconstruction accuracy at data cut-off. Approx-
imate values of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (80.71, 20.2, 8.15) | (30.07, 18.51, 7.77) | (15.82, 10.07, 5.98) | (9.55, 2.94, 2.4) | (6.42, 1.12, 0.57)
2 (64.64, 11.62, 0.92) | (23.25, 9.42, 0.68) (9.15, 8.03, 0.6) (2.88, 2.62, 0.5) | (1.12, 0.58, 0.35)
3 (13.3, 6.13, 0.69) (8.76, 4.55, 0.52) (5.34, 3.46, 0.43) (2.08, 1.87, 0.38) | (0.92, 0.46, 0.28)
7 (7.1, 6.14, 0.6) (5.09, 4.6, 0.49) (3.44, 3.3, 0.41) (1.69, 1.43, 0.35) | (0.77, 0.35, 0.24)

Table 37: One-way Doppler plus monthly DDOR, velocity reconstruction accuracy at data cut-off. Approxi-
mate values of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (92.09, 45.49, 4.78) | (50.64, 39.99, 2.48) | (31.45, 19.31, 0.96) | (9.73, 8.44, 0.33) | (5.81, 3.82, 0.08)
2 (67.47, 24.56, 3.44) | (30.35, 21.1, 1.69) | (17.41, 11.58, 0.76) | (6.54, 5.19, 0.26) | (3.03, 1.46, 0.06)
3 (20.43, 13.69, 1.27) | (13.17, 9.66, 0.85) (9.16, 6.63, 0.48) (5.41, 3.5, 0.19) | (2.46, 1.15, 0.07)
7 (10.69, 8.0, 0.91) (7.61, 6.37, 0.6) (5.44, 4.69, 0.35) (3.05, 2.18, 0.16) | (1.34, 0.7, 0.09)

Table 38: One-way Doppler plus monthly DDOR position prediction accuracy at lunar close approach. Ap-
proximate values of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (193.1, 59.6, 44.4) | (106.2, 52.0, 40.7) | (80.8, 36.7, 24.6) | (56.5, 18.6, 16.2) | (42.9, 16.2, 14.8)
2 (132.9, 40.1, 24.0) | (61.4, 31.1, 22.9) | (42.4, 234, 18.4) | (36.0, 16.3, 15.1) | (35.4, 15.0, 14.0)
3 (41.0, 24.6, 20.9) (38.5,19.4, 18.2) | (36.7, 17.7, 15.9) | (35.6, 15.5, 14.7) | (35.4, 15.0, 13.9)
7 (24.6, 18.1, 12.0) (23.2, 16.0, 11.6) | (22.2, 14.7, 11.2) | (20.9, 13.5, 10.8) | (18.5, 12.0, 10.3)

Table 39: One-way Doppler plus monthly DDOR velocity prediction accuracy at lunar close approach. Ap-
proximate values of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. \ 1 hr. \ 2 hrs. \ 4 hrs. \
1 (930.2, 188.8, 128.3) | (535.4, 145.1, 122.8) | (423.7, 95.1, 70.0) | (296.7, 43.3, 38.3) | (224.9, 35.7, 32.7
2 (621.3, 132.5, 61.4) (302.6, 93.7, 60.7) (223.4, 56.8, 49.1) | (192.4, 35.1, 34.1) | (189.4, 31.0, 29.5
3 (217.7, 63.0, 51.1) (205.0, 47.9, 43.1) (196.5, 39.9, 37.1) | (190.5, 33.1, 31.9) | (189.3, 30.7, 29.2
7 (125.5, 44.8,27.7) | (119.5, 37.8,25.7) | (115.5, 33.0, 23.9) | (110.5, 28.7, 21.2) | (100.7, 24.3, 18.8
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Table 40: One-way Doppler plus weekly DDOR position reconstruction accuracy at data cut-off. Approxi-
mate values of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. \ 1 hr. \ 2 hrs. \ 4 hrs. \ 8 hrs.
1 (49.44, 12.31, 1.75) | (26.33, 11.78, 1.35) | (15.5, 7.56, 0.7) | (10.75, 2.96, 0.42) | (3.99, 1.18, 0.35)
2 (29.4, 2.01, 0.1) (17.06, 1.45, 0.09) | (8.03, 1.05, 0.34) | (3.01, 0.51, 0.29) | (1.22, 0.33, 0.15)
3 (10.21, 2.06, 0.37) (6.99, 1.45, 0.34) (4.39, 0.77, 0.31) (2.24, 0.4, 0.25) (0.98, 0.26, 0.11)
7 (8.92, 2.26, 0.39) (6.12, 1.71, 0.35) (3.66, 1.09, 0.31) | (1.75, 0.54, 0.27) | (0.78, 0.23, 0.18)

Table 41: One-way Doppler plus weekly DDOR velocity reconstruction accuracy at data cut-off. Approxi-
mate values of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (69.54, 28.85, 0.6) | (42.31, 18.87, 0.57) | (19.18,8.98,0.5) | (8.31, 5.93, 0.31) | (5.46, 5.16, 0.15)
2 (50.64, 16.36, 0.24) | (27.29, 13.09, 0.2) | (11.44, 6.78, 0.16) | (6.19, 2.7, 0.12) (2.98, 1.1, 0.08)
3 (21.56, 8.15, 0.23) (14.09, 6.24, 0.19) (8.26, 4.18, 0.14) (5.28, 2.07, 0.1) | (2.43, 0.88, 0.08)
7 (10.7, 6.39, 0.22) (7.81, 4.73, 0.18) (5.29, 2.87, 0.15) | (3.03, 1.34, 0.12) | (1.33, 0.61, 0.09)

Table 42: One-way Doppler plus weekly DDOR position prediction accuracy at lunar close approach. Ap-
proximate values of the principal axes of the uncertainty ellipsoid, in km.

Passes Pass Duration
Per Week 30 min. \ 1 hr. \ 2 hrs. \ 4 hrs. \ 8 hrs.
1 (91.3, 62.5, 36.2) | (73.2, 45.6, 27.6) | (68.9, 24.5, 18.8) | (56.6, 17.1, 15.8) | (40.2, 15.8, 14.7)
2 (62.7, 34.6, 23.5) | (39.9, 31.0, 20.8) | (35.9, 19.0, 16.6) | (35.6, 15.3, 15.0) | (35.4, 15.0, 14.0)
3 (38.2,24.9, 18.2) | (36.3, 19.8,16.9) | (35.7, 16.2, 15.8) | (35.5, 15.1, 14.7) | (35.4, 14.9, 13.9)
7 (22.4, 18.5, 12.0) | (21.7, 16.3, 11.5) | (21.2, 14.7, 11.0) | (20.8, 13.5, 10.8) | (18.3, 12.0, 10.3)

Table 43: One-way Doppler plus weekly DDOR, velocity prediction accuracy at lunar close approach. Ap-
proximate values of the principal axes of the uncertainty ellipsoid, in mm/sec.

Passes Pass Duration
Per Week 30 min. ‘ 1 hr. ‘ 2 hrs. ‘ 4 hrs. ‘ 8 hrs.
1 (376.5, 251.5, 86.6) | (365.2, 146.7, 65.9) | (354.6, 69.7, 43.0) | (294.8, 41.4, 34.6) | (214.3, 33.8, 31.5)
2 (221.8, 159.9, 54.1) | (196.7, 99.9, 46.6) | (191.1, 50.0, 35.1) | (189.8, 34.9, 30.7) | (189.3, 31.0, 29.3)
3 (197.2, 70.8, 40.1) (192.7, 51.7, 36.2) | (190.4, 38.8, 32.4) | (189.6, 33.2, 30.3) | (189.2, 30.7, 29.1)
7 (114.6, 47.9, 26.6) (113.0, 39.3, 24.4) | (111.7, 33.1, 22.3) | (110.3, 28.7, 20.9) | (99.9, 24.2, 18.6)
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